Background and Purpose-Symptomatic hemorrhagic transformation (HT) is the most important complicating factor after treatment with intravenous tissue plasminogen activator. In this study, we used multimodal magnetic resonance imaging to investigate the incidence and severity of reperfusion-based HT in spontaneously hypertensive rats after ischemia/reperfusion. Methods-Twenty male spontaneously hypertensive rats were subjected to 30 minutes of middle cerebral artery occlusion via the suture model. Diffusion-weighted, T 2 -weighted, and gradient-echo imaging were performed on days 1, 2, 3, 4, and 7 for longitudinal evaluation of lesion evolution, vasogenic edema, and HT, respectively. Findings on gradient-echo images were classified according to the severity of hemorrhage: no HT; punctate or small petechial hemorrhage (HI-1); confluent petechial hemorrhage (HI-2); hematoma with absent/mild space-occupying effect (PH-1, Յ30% lesion volume); and hematoma with significant space-occupying effect and potential perihematomal edema (PH-2, Ͼ30% lesion volume). Histopathologic evaluation of HT was performed after final imaging for comparison with magnetic resonance imaging results. Results-Final hemorrhage scores based on severity were as follows: HI-1 23.1%, HI-2 30.8%, PH-1 30.8%, and PH-2 15.4%. Similar to clinical observations, only PH-2 was associated with neurologic deterioration and associated weight loss. Conclusions-This model has a high incidence of parenchymal hematomas (46.2%) and therefore is appropriate for the evaluation of novel therapeutics targeting blood-brain barrier integrity and the reduction of symptomatic HT events (PH-2), as well as those potentially "at risk" for neurologic deterioration (PH-1 
S
ymptomatic intracerebral hemorrhage is a major complication of both spontaneous reperfusion and treatment with intravenous recombinant tissue plasminogen activator (rt-PA). [1] [2] [3] [4] Even when rt-PA is administered as indicated, 9 of 312 patients (2.9%) will die as a result of hemorrhage secondary to ischemia. 1 Reducing the incidence of symptomatic hemorrhage remains the single greatest challenge to extending reperfusion therapy past 3 hours. Secondary analyses of the ECASS-I and ECASS-II trials have shown that parenchymal hematoma type 2 (PH-2) is associated with worse clinical outcome. [5] [6] [7] Hemorrhagic infarction types 1 and 2 (HI-1, HI-2) instead seem to be related to reperfusion, 8 as well as the severity and duration of ischemia. 9, 10 The impact of asymptomatic hemorrhages (HI-1, HI-2, PH-1) on outcome is still a topic of some debate.
Although clinical studies consider hemorrhagic transformation (HT) in determining the safety and efficacy of therapeutic intervention, the majority of experimental stroke studies do not, and those that do generally use young, healthy animals. The STAIR criteria suggest the use of diseased animals, specifically strains that are diabetic, hypertensive, aged, or hyperglycemic. 11 Stroke models with similar incidences of HI and PH are needed to address the effects of reperfusion and rt-PA administration on the occurrence of asymptomatic versus symptomatic hemorrhage.
In the present study, we investigated the incidence and severity of reperfusion-based HT in spontaneously hypertensive (SHR) rats. This particular model, a 30-minute suture reperfusion model, yields a time frame during which some tissue may be considered salvageable with intervention (whether it be reperfusion alone, rt-PA, or other neuroprotective treatment). We hypothesized that the incidence and severity of reperfusion-based HT would be higher in SHR rats, owing to the presence of hypertension, vasculopathy, and alterations in blood-brain barrier (BBB) functionality. Our goals were 3-fold: (1) to monitor lesion evolution and subsequent HT up to 7 days after stroke; (2) to compare these results with those of previous experimental stroke studies; and (3) to examine the similarities and discordances between the experimental and clinical presentations of HT.
Materials and Methods

Experimental HT
Animal Preparation
This study was approved by the institutional animal care and use committee of the National Institute of Neurological Disorders and Stroke, National Institutes of Health (IACUC protocol No. 1225-05). Twenty male SHR (SHR/NCrl, 3 to 4 months old, 300 to 360 g, systolic blood pressure 165 to 185 mm Hg; Charles River Laboratories, White Plains, NY) were anesthetized with isoflurane delivered in a 2:2:1 mixture of breathing-quality air, nitrogen, and oxygen. All animals were subjected to 30 minutes of right middle cerebral artery occlusion (MCAO) via the intraluminal suture model first described by Koizumi et al 12 and later modified by Longa et al. 13 
Postoperative Care
After recovery from anesthesia, all rats were provided free access to standard rat chow and water. Supplemental fruit (apple, orange), Jello, and bacon treats were provided on the cage floor once daily. For the first 3 days after imaging, 30% xylocaine was applied to the surgical sites and rats were administered 10 cc of saline subcutaneously twice daily.
Magnetic Resonance Imaging
Serial magnetic resonance imaging (MRI) was performed with a Bruker Biospin 7.0-T/30-cm imaging spectrometer on days 1, 2, 3, 4, and 7 after MCAO. Diffusion-weighted, echo-planar imaging and T 2 -weighted imaging were performed for longitudinal evaluation of lesion evolution and vasogenic edema. Gradient-echo imaging (GRE) was performed for longitudinal evaluation of HT. After acquisition of a localizer tripilot, the front edge of the slice package was set at the intersection of the brain and olfactory bulb. Twelve 1.5-mm-thick slices were acquired with a field of view of 25.6ϫ25.6 mm 2 . For diffusion-weighted, echo-planar imaging, matrix sizeϭ96ϫ96; repetition time (TR)/echo time (TE)ϭ6200 ms/46 ms; ⌬ϭ13 ms; ␦ϭ4 ms; b valuesϭ0, 250, 500, 750, and 1000 s/mm 2 (acquired for all 3 principle directions x, y, and z); and number of excitationsϭ4. For T 2 -weighted imaging, matrixϭ128ϫ128; TRϭ2000 ms; TEϭ15, 30, 45, 60, 75, 90, 105, and 120 ms; number of excitationsϭ1. For the first GRE, matrixϭ256ϫ256; TR/TEϭ300 ms/12 ms; flip angleϭ30°; and number of excitationsϭ1. These parameters yielded an in-plane resolution of 267 m for diffusionweighted, echo-planar imaging, 200 m for T 2 -weighted imaging, and 100 m for GRE. Two additional sets of GRE images were acquired at higher through-plane resolutions to increase the accuracy of HT identification and scoring. For the second GRE, there were 18 1.0-mm-thick slices; matrixϭ256ϫ256; TR/TEϭ350 ms/12 ms; and number of excitationsϭ2. For the third GRE, there were 18 0.5-mmthick slices; matrixϭ256ϫ256; TR/TEϭ350 ms/12 ms; and number of excitationsϭ4. Total scan time was Ϸ20 minutes.
Inclusion/Exclusion Criteria
Animals were excluded for the presence of subarachnoid hemorrhage on day-1 GRE images or T 2 lesion volumes Ͻ50 mm 3 (without cortical involvement). Both were considered strongly suggestive of surgical error due to perforation of the MCA/ACA bifurcation or incomplete MCAO.
Neurologic Scoring and Functional Assessment
Activity, appearance, gait, appetite, hydration, and weight were monitored on days 1, 2, 3, 4, and 7 after MCAO. General neurologic scoring was performed according to a modification of the scoring method developed by Menzies et al, 14 in which 0ϭno neurologic deficit, 1ϭfailure to extend left forepaw fully, 2ϭcontralateral circling after tail pull, 3ϭfalling to the left and/or spontaneous contralateral circling, 4ϭinactive or moribund, and 5ϭdead.
Volume Measurements
Image reconstruction was performed with Paravision's image processing and display software (XTip). Image analysis and parameter map production (apparent diffusion coefficient, T 2 ) were performed with the use of routines written in IDL (Research Systems Inc, Boulder, Colo). Lesion volumes were manually drawn with T 2 parameter maps. HT volumes were manually drawn with GRE images. To correct for edema, the ipsilateral (right) and contralateral (left) hemispheres were compared [edemaϭ(ipsilateralϪcontralateral)/contralateral].
MRI-Based HT Scoring
Each HT type was classified according to the ECASS I and II definitions, 2, 3 in which HI is a petechial (HI-1) or confluent (HI-2) hemorrhage occupying a portion of the ischemic lesion and PH is a homogeneous region of blood with a mild space-occupying effect (PH-1, Յ30% lesion volume) or severe displacement of brain tissue with a significant space-occupying effect and perihematomal edema (PH-2, Ͼ30% lesion volume).
Hematoxylin-Eosin-Based HT Scoring
In a subset of animals (nϭ10) after imaging on day 7, standard hematoxylin-eosin staining was performed for visual assessment and scoring of HT. Images (10ϫ to 20ϫ) were acquired with use of an Axioplan light microscope (Carl Zeiss Microimaging GmbH, Berlin, Germany) and Metamorph 7 software (Molecular Devices, Downingtown, Pa). Long-axis diameter measurements and semiquantitative scoring were performed by a blinded observer. A 5-point scoring system, a modification of that developed previously by Brinker et al, 15 was used. Bleeds were scored according to evidence of (1) microscopic single diapedesis of blood, (2) microscopic multiple diapedeses of blood, (3) macroscopic non-space-occupying hemorrhage, (4) macroscopic hemorrhage with mild space-occupying effect, and (5) macroscopic hemorrhage with significant spaceoccupying effect. Microscopic and macroscopic refer to initial visual identification of bleeds requiring or not requiring magnification, respectively.
Statistical Analysis
Data are presented as meanϮSD (range). Normality was tested with the Shapiro-Wilk and Kolmogorov-Smirnov tests. Because the data involved a small number of subjects or were determined to be nonnormal, all analyses were performed with nonparametric methods. Changes in MRI measurements (lesion volume, HT volume) and physiologic variables (neurologic score, weight) versus time were investigated. For within-group analyses, Friedman's test for repeated measures and Mann-Whitney tests for comparison of independent samples were used. For between-group analyses, the Kruskal-Wallis test was used as an alternative to the 1-way between-group ANOVA.
Results
Experimental HT
All animals (nϭ20) were imaged for 1-day follow-up. Two were excluded for the presence of subarachnoid hemorrhage, and 5 were excluded for volumes Ͻ50 mm 3 . Volumes Ͻ50 mm 3 lacking cortical involvement are indicative of incomplete MCAO. This generally occurs because of improper suture placement and occlusion of the anterior choroidal artery versus that of the MCA. 16 All remaining animals (nϭ13) met the inclusion criteria and were included in the study, yielding a MCAO success rate of 65%. The number of animals imaged successfully on a time point-by-time point basis was as follows: 1 day, nϭ13; 2 days, nϭ12; 3 days, nϭ11; 4 days, nϭ10; and 7 days, nϭ13. Nine of the 13 animals had all 5 imaging time points. The mean times until 1-, 2-, 3-, 4-, and 7-day scans were 26Ϯ5 (18 -24), 50Ϯ4 (43-58), 72Ϯ5 (60 -75), 102Ϯ9 (91-119), and 174Ϯ21 (135-204) hours, respectively. Figure 1 diagrams the MRI-based lesion evolution and associated HT for all animals. Details of the HT measurements are provided in Table 1 . HT occurred in 3 of 13 (23.1%) animals by day 1, in 6 of 13 (46.2%) animals by day 2, in 11 of 13 (84.6%) animals by day 3, in 12 of 13 (92.3%) animals by day 4, and in all 13 (100%) animals by day 7 after ischemia/reperfusion. HT total volume increased significantly from 0.64Ϯ1.23 mm 3 on day 1 to 2.16Ϯ2.40 mm 3 on day 3 (PϽ0.05), with a progressive increase to 8.38Ϯ11.88 mm 3 by day 4 (PϽ0.01) and to 12.40Ϯ18.19 mm 3 by day 7 (PϽ0.01). This formation of HT was concomitant with reperfusion and the formation of vasogenic edema, as seen by an increase in lesion volume from days 1 to 2 (PϽ0.01). Resolution of vasogenic edema occurred between days 4 and 7, with lesion volumes returning to their day-1 values (Pϭ0.397).
Animals had multiple bleeds with varying levels of severity. From the initial identification of HT through day 7, 5 of 13 (38.5%) hemorrhages remained unchanged according to their first ECASS I/II classification, whereas 8 of 13 (61.5%) progressed to a more severe category. Five initially classified as HI-1 progressed: 3 to HI-2, 1 to PH-1, and 1 to PH-2. Two initially classified as HI-2 progressed, both to PH-1. One initially classified as PH-1 progressed to PH-2. By day 7, all animals exhibited evidence of punctate or small petechial hemorrhage (HI-1). Final hemorrhage scores based on severity were HI-1 23.1%, HI-2 30.8%, PH-1 30.8%, and PH-2 15.4%.
Examples of reperfusion-based HT are shown in Figure 2 , with the specifics of the histopathologic HT scoring provided in Table 2 . All animals had single diapedesis (score 1) or multiple diapedeses (score 2) of blood. These types of hemorrhages were small, with diameters of 78Ϯ59 m and 232Ϯ126 m, respectively. Only identifiable with further magnification (10ϫ to 20ϫ), they could be referred to as "microscopic." These hemorrhages could also be considered punctate or petechial, similar to the clinical identification of microbleeds and HI-1. On GRE images they appeared hypointense and were generally confined to a single imaging slice. HI-1 hemorrhages occurred most frequently along the lesion periphery. In contrast, macroscopic hemorrhages (score 3 to 5) occurred in 8 of 10 animals (80%) and were primarily located central to the infarct. These were easily identified on the slices without magnification, having diameters of 0.641Ϯ0.253, 0.935Ϯ0.453, and 4.278Ϯ1.060 mm, respectively. These hemorrhages (score 3 to 5) are similar to the clinical identification of HI-2, PH-1, and PH-2. Macroscopic non-space-occupying hemorrhage (score 3, HI-2) showed extensive bleeding but no displacement of tissue. On GRE images these had a patchy, heterogeneous appearance with a coverage over 1 to several imaging slices. Macroscopic hemorrhages with a mild to severe space-occupying effect (score 4 to 5; PH-1, PH-2) had clear boundaries between their edges and surrounding tissue. Hemorrhages with a severe space-occupying effect (score 5, PH-2) had tissue displacement and midline shift evident on both GRE images and histopathology. For PH-2 hemorrhages, perihematomal edema was visible on T 2 -weighted and diffusion-weighted images (data not shown). Neurologic outcome was favorable (score 0 to 2) in 12 of 13 animals (92.3%) and poor in 1 of 13 (7.7%) animals. These findings are shown in Figure 3A . Animals with HI-1, HI-2, or PH-1 had minor neurologic deficits (score 2 or less) that did not change significantly with time. One of 2 (50%) animals with PH-2 worsened neurologically, from a score of 2.5 (minor circling, falling to the left) on day 1 to a score of 4 (moribund) by day 3. This neurologic deterioration was accompanied by progressive weight loss through day 7, as shown in Figure 3B .
Discussion
HT is a natural process occurring during stroke progression. 17 After ischemia, a persistent reduction in blood flow causes depletion of oxygen, failure of cellular membranes, and resultant cytotoxic edema. As part of the inflammatory response, the upregulation of cytokines and activation of matrix metalloproteinases induce endothelial dysfunction. 18, 19 Reperfusion of already leaky capillaries with severely reduced structural integrity only exacerbates injury to the endothelium. This progressive breakdown of the BBB causes the formation of vasogenic edema, increasing the risk of diapedesis of blood and subsequent HT. 17, 20 Similar to clinical findings, 5-7,9,10 we found that only PH-2 was associated with neurologic deterioration and worse outcome. Although all animals had evidence of hemorrhagic infarction (HI), these less severe hemorrhages did not result in an appreciable decline in the animals' neurologic scores and were thus considered asymptomatic. Prior animal studies with either the suture 21, 22 or embolic 15, 23, 24 model reported high incidences (18.3% to 92.3%, medianϭ66.7%) of petechial hemorrhages in their untreated controls. Similarly, in non-rt-PA patients, HI occurred in the range of 9.1% to 36.5%. 2, 3, [5] [6] [7] 9 Pathologic examination of brain tissue from stroke patients who died of brain herniation or other complicating factors consistently showed the presence of HI. 25, 26 It should not be surprising that autopsy reports have higher rates of HI (up to 71%), given the limitations in image resolution and the differences in sensitivity of MRI and computed tomography for detection of small hemorrhages. These results indicate that HI is probably a natural occurrence after ischemia, with diapedesis of blood from small capillaries/ venules and bleeding from leptomeningeal collaterals. 15, 17 HI may also be related to a positive outcome, potentially indicative of successful reperfusion after administration of rt-PA. 8, 10 The cause of PH, on the other hand, is most likely due to rupture of a major artery. 27 Bleeding from a primary rupture in combination with the acute inflammatory response may then secondarily disrupt surrounding vessels. Extensive bleeding of this kind results in displacement of brain tissue, formation of perihematomal edema, and neurologic decline. In some instances, complicating factors such as midline shift and brain herniation from massive edema result in death. PH has been related to infarct size, 7-9 with a higher incidence in cases of delayed reperfusion. 8, 9, 15, 22, 24, 28 In contrast to studies that reported minimal macroscopic hemorrhage in untreated animals after 30 to 60 minutes of ischemia/reperfusion, 21, 23, 29 we found that the 30-minute MCA suture occlusion model in SHR rats had a high incidence (77.0%) of macroscopic hemorrhages. A significant fraction of these were of the parenchymal type, 30.8% PH-1 and 15.4% PH-2. Clinical studies have also reported . Scaleϭ200 m. HI-1 was punctate or petechial and occurred most frequently along the lesion periphery. These hemorrhages involved single (score 1) or multiple (score 2) diapedeses of blood. HI-2 was macroscopic (score 3) and located primarily within the infarct core. PH-1 was macroscopic, occupying Յ30% of total lesion volume, with an absent or a mild space-occupying effect (score 4). PH-2 was macroscopic, occupying Ͼ30% of total lesion volume, with a significant spaceoccupying effect and displacement of surrounding tissue (score 5). instances of PH at rates of 1.8% to 13.2% and of 9.6% to 26.5% in non-rt-PA-and rt-PA-treated patients, respectively. 2, 3, 5, [7] [8] [9] [10] Of these, 0.6% to 8.9% were symptomatic. Regardless of the lower rates of PH in patients with early reperfusion, 8, 9 hemorrhagic complications remain an issue. PH-2 is the only type of hemorrhage associated with clinical deterioration; therefore, an understanding of its cause and how to prevent it is desperately needed. Hypertension may be the key. Chronic hypertension results in vascular remodeling (hypertrophy, eutrophy). 30 This yields an increase in vascular resistance and wall sheer rates, as well as decreased vascular compliance. 31 Despite the poor understanding of the genetic underpinnings of the SHR rat, this hypertensive strain tends to have larger ischemic lesions, increased vasogenic edema, BBB disruption, and subsequent HT compared with its normotensive counterpart (WistarKyoto rats). 28, 32 This is consistent with reports suggesting that PH is more common in stroke patients with a history of hypertension. 6, 33 Our results indicate that even in the case of a "short" (30 minutes) ischemic insult, animals will develop HT by day 7.
All animals exhibited evidence of HI, with a high incidence of PH, either asymptomatic (PH-1) or symptomatic (PH-2). The higher HI and PH rates in our experimental model are most likely a result of increased susceptibility to infarction in the SHR strain. 30 -32 Additionally, the suture MCAO model is roughly equivalent to a full M1 occlusion. Lesion progression is extremely rapid, with disappearance of the penumbral tissue by 2 hours in normotensive and as early as 1 hour in hypertensive rats. Those clinical studies with evaluation of HI and PH rates included a variety of stroke subtypes and varying levels of severity, not just M1 occlusions. 2, 3, 5, [7] [8] [9] [10] To make a direct comparison between the findings of this study and the rates of reperfusion-associated HT in the clinical setting, a subpopulation of stroke patients with M1 occlusions and spontaneous reperfusion would be necessary.
We found that the majority of HT (92.3%) occurred between days 1 and 4 after ischemia/reperfusion. It is important to note that if we had stopped at the typically used 24-hour end point, 22 ,29 many HT events (76.9%) would have been missed entirely. Although stopping at 24 hours may permit detection of a positive outcome, typically defined as a reduction in lesion volume or an improvement in neurologic score, it is not appropriate for assessing HT as an adverse event. Unfortunately, most experimental studies emphasize therapeutic efficacy without any consideration of HT. Clinical studies, however, place high importance on both therapeutic efficacy as well as safety. Clinical HT can occur as late as 1 week after stroke, [1] [2] [3] [4] consistent with the experimental findings of this study. Given the potential for the delayed development of HT, longer follow-ups are essential for preclinical trials. We believe this experimental model of HT and a minimum follow-up of 1 week may be used for the evaluation of both therapeutic efficacy and HT events.
In summary, this study confirmed that only PH-2 is associated with neurologic deterioration and worse outcome. This model had a high incidence of parenchymal hematomas (46.2%) and therefore, is appropriate for the evaluation of novel therapeutics targeting BBB integrity and the reduction of symptomatic HT events (PH-2), as well as those potentially "at risk" for neurologic deterioration (PH-1). Figure 3 . Neurologic deterioration and concomitant weight loss are associated with PH-2. Animals with HI-1, HI-2, or PH-1 had minor neurologic deficits (score 2 or less) that did not change significantly with time. One of 2 with PH-2 worsened neurologically, from a score of 2.5 (minor circling, falling to the left) on day 1 to a score of 4 (moribund) by day 3. This neurologic deterioration was accompanied by progressive weight loss. Bars indicates HI-1 (white), HI-2 (light gray), PH-1 (dark gray), and PH-2 (black).
